Highlights  Surface tension of poly lactic acid was measured at high temperatures using Axisymmetric drop shape analysis profile (ADSA-P) pendant drop technique.
Introduction
The interfacial and surface tension of polymers is a key thermodynamic parameter in various applications such as polymer blending [1] , wetting [2] , dispersion of particles or fibres in polymers [3] , and polymer foaming [4] .
Numerous methods can be used to measure the interfacial tension of polymers. Among them, Axisymmetric Drop Shape Analysis (ADSA) is a powerful and precise technique for the measurement of surface tensions and contact angles of liquids and solids. The technique can be applied for various systems such as pendant drop, sessile drop, and captive bubbles [5] .
Generally, ADSA methods work based on the numerical fit between the profile obtained from the shape of drops or bubbles and the theoretical drop shape from the Laplace equation of capillarity [6] .
Even though the importance of surface tension and interfacial tension of polymer melts is evident in many applications, data related to high-pressures and high-temperatures are rarely reported in the literature because of the high viscosities, difficulties of forming the drop in high temperatures, thermal degradation, and lack of PVT data at high temperatures and high pressures.
In foam materials, the interfacial tension between a dense continuum and the dispersed voids plays a critical role in the structure and properties of final products [7] . Among foams, polymeric foams have attractive mechanical, energy-absorbing, and thermal-insulation properties [8] . One promising polymer in the foam industry is polylactide (PLA); a biodegradable and biocompatible polyester derived from lactic acid [9] .
Because of its high modulus, high strength and appropriate clarity, this aliphatic thermoplastic polyester can be seen as a potential replacement for petroleum-based synthetic polymers [10] . Besides its decent mechanical properties, PLA has significant environmental merits compared with other commodity polymers, including its renewable agricultural source, the consumption of carbon dioxide during its production, its compostability and recyclability [9, 11] . [12] . Two steps are involved in polymer foaming using physical blowing agents: nucleation and growth. The first step includes absorption of enough gas molecules in the polymer matrix to reach a thermodynamically unstable threshold to be able to nucleate a bubble bigger than a critical size. The second involves growth of the bubbles [7] .
In order to improve the foaming behaviour of microcellular foams, one can increases the number of nucleating sites through manipulating surface tension. Based on classical nucleation theory (CNT), the nucleation rate is inversely related to the exponential cubic power of surface tension [4, 13] ; lowering surface tension decreases the energy barrier for cell nucleation and exponentially increases the number of cells, leading to higher cell densities.
Additionally, lower surface tensions lead to a smaller cell size since critical cell size is directly related to surface tension [7] . [15, 16] , no anomalous behaviour in interfacial tension due to crystallization is observed in PLA.
Materials and Methods

Materials
In this work, PLA under the trade name of PLA-2002D with M n = 100kg/mol and D-content of 4.5 % was kindly provided by NatureWorks.
Carbon dioxide chromatographic grade (purity 99.99 %) was purchased from PRAXAIR, Canada.
Solubility Measurement
The solubility of CO₂ in the PLA melts was obtained using a Magnetic Suspension Balance (MSB) from Rubotherm GmbH as the schematic shows in Figure 1 . Details about the experimental apparatus and procedure can be found in previous publications [17] [18] [19] , however, a brief overview of the solubility measurement is as follows. At vacuum (P=0) and temperature T, polymer pellets were weighed as W (0, T) from the balance readout. After adjustment of pressure and completion of gas sorption in the polymer by reaching saturation point, the weight of the saturated polymer melt was recorded from the readout on the MSB, and was defined as W (P,T)
at pressure (P) and temperature (T). Then, using the obtained weights, the amount of gas dissolved in the polymer melt, Wg, was calculated as below [20] :
where the density of the gas, 2 was obtained using a MSB [18] ; is the volume of the sample holder, is the volume of the neat polymer (without gas dissolution and volume swelling) at pressure P and temperature T. The latter was obtained from the mass and specific volume ( ) based on Tait's PLA equation. The term is the swollen volume of the polymer melt due to gas dissolution. [21] If the volume of swollen polymer ( ) is not considered, the apparent solubility is as follows:
It is obvious that the apparent solubility is less than the actual solubility.
The corrected solubility, , considering the buoyancy effect , can also be calculated:
Theoretically, an approximation of the swollen volume can be obtained using the following calculation:
where X is the gas solubility in the polymer melt from the Simha Somcynsky (SS) equation of state (EOS), m is the initial weight of the polymer, v p,pure is the specific volume of pure polymer that can be obtained from Tait's equation, and v p,mixture is the specific volume of the polymer/gas mixture at equilibrium that can be calculated using the EOS.
More details about the PVT behavior of the polymer-CO 2 mixture can be found in the literature [19, 22] . In brief, it is as follows. Each measurement at each pressure is recorded until the volume of the polymer-CO 2 mixture becomes unchanged. The swollen volume was determined by the ratio between the final equilibrium volume and the initial volume from Tait's equation:
where V(T,P, t eq ) is the measured equilibrium volume of the polymer-CO 2 mixture at temperature T, pressure P, and equilibrium time t eq . V(T,P,t ini ) is the volume of the PLA sample under the same conditions, taken from Tait's equation.
Surface Tension Measurement
Axisymmetric drop shape analysis profile (ADSA-P) technique was used to measure the surface tension of PLA at various temperatures and pressures ranging from 143 to 168 ˚ C. The surface tension of the polymer samples was measured by fitting the shape and dimensions of the menisci, obtained through image capturing, to the theoretical drop profile based on the Laplace equation of capillarity:
In order to provide processing conditions for surface tension measurements, a high-temperature and high-pressure chamber was designed as explained previously [15, 23] . Before starting the experiments, the accuracy of the technique was tested using a drop of pure water, and the value of 72.12 ± 0.11 mJ/m 2 was consistent for all the measurements. This agrees with a well-established literature value of water surface tension at 23 ° C [24] . A small amount of polymer, ~ 0.004-0.006 g, was attached to the tip of a stainless steel rod with a diameter of 1 cm and a polished tip to avoid asymmetric drop formation.
The method used here has advantages over using drops formed by heating polymer in the capillary tube of a syringe: it eliminates the capillary rise and necking effects, besides allowing for a known system density. To measure the density of the polymer-gas mixture, the volume of one drop was obtained from the pendant drop profile using ADSA software [25] and used to calculate the density of polymer melts at different pressures and temperatures, after the initial weight of the polymer and amount of absorbed supercritical carbon dioxide had been obtained by solubility measurements.
The density is an input for surface tension measurement and is introduced through the capillary constant: = ∆ , where C is the capillary constant,
Δρ is the density difference between the polymer and the supercritical fluid, γ is interfacial tension, and g is gravity's acceleration. The simultaneous measurement of interfacial tension includes introduction of the density of the sample after measurement of its volume. The results can be recalculated using the new density through the capillary constant [25] [26] [27] .
Differential Scanning Calorimetry
The thermal behavior of PLA at atmospheric pressure was performed using Differential Scanning Calorimeter (DSC), Q2000 (TA Instruments).
The PLA sample was heated from room temperature to 200 °C at a heating rate of 10 K/min and then equilibrated at 190 °C for 5 min to eliminate the thermal history. Then the sample was cooled to 10 °C at a rate of 2 K/min and eventually the sample was reheated to 190 °C at a rate of 10 K/min.
Results and Discussions
Stability of Polymer Melt Drops
Due to the importance of crystallization on surface tension through preferential adsorption of crystallized polymer particles at interfaces [15, 16] , the presence of any crystals in the system should be shown. Figure 2 shows isothermal differential scanning calorimetry of the PLA melt at 143 °C. No peak is observed after more than 2.5 hours of experiment denoting the absence of crystals at the lowest temperature of the interfacial tension measurements.
In order to find the desired size of the polymer melt drop for pendant drop measurements, the stability of the drops can be investigated through a dimensionless Bond number, as shown in the Equation 7:
where ∆ is the density difference between PLA-SCCO 2 , is gravitational acceleration, is the average radius of curvature of the drop, and is the interfacial tension between the two phases . Since Bond number is the ratio between buoyancy forces and surface forces, it can determine the range of stability of the drop as well as the validity of surface tension measurements [28] . With this in mind, polymer drops with a wide range of weights at different pressures were formed. Figure 3 shows the range of stability of polymer melt drops based on Bond number. Bond numbers for drops with surface tension value discrepancies of a maximum 2% from the average are shown. The lower and higher limit for polymer melt drops are 0.37 and 0.48, respectively. It turns out that for polymer drops with Bond number beyond 0.48, breakage and necking phenomena were happened, and for Bond numbers below 0.37 the accuracy of measurements were questionable due to the formation of "close to spherical" drops and an imbalanced ratio between buoyancy forces and surface forces [28, 29] . 
Solubility Measurements
Like surface tension, solubility is another determining factor in microcellular foam processing and polymer blending [19, 30, 31] . Knowing solubility, as well as surface tension in the processing range of temperature and pressure, one can decide on the processing window of the desired polymer. Figure 4 presents the solubility data in the pressure range of 500 to 2000 psi for temperatures of 140, 150, 160 ° C. As can be seen from the graph, at a constant temperature, an increase in pressure increases the solubility due to higher dissolution of gas molecules at high pressures. On the other hand, as temperature increases the solubility of CO 2 decreases ;
although there is more free-volume for adsorption of gas molecules at elevated temperatures, the rate of desorption for physisorption is higher [32] .
Moreover, a reduction in the polymer viscosity leads to less resistance in retention of gas molecules in polymer melt. Beside the importance of solubility results in the processing of polymers with supercritical CO 2 , they can be used to simultaneously determine the density of the mixture at high temperatures and pressures; the amount of dissolved carbon dioxide is added to the initial weight of polymer. shown that the internal energy of mixture of polymers and gases (supercritical CO 2 ) is dominant in determining the overall internal energy [33] . Thus, the polymer-gas internal energy determines the reduction in surface tension at higher temperatures. Surface tension can be obtained from a derivative of the free energy with respect to surface area. Free energy is defined as F= U-TS, where F is free energy, U is internal energy and S is entropy. The entropic contribution improves the mixing of the polymer-gas system, while an increase in internal energy promotes segregation of the polymer and gas. An increase in temperature leads to a reduction in the effective interaction between polymer and gas molecules, and so the internal energy decreases. On the other hand, a reduction in internal energy makes entropy a relatively larger contributor in the free energy and improves mixing across the interface. The interface then becomes more diffuse leading to a lower surface tension. In terms of density of the system, for an increase in pressure, the density of the CO 2 -rich phase increases. As explained in references [23, 33] , the surface tension drops when the CO 2 phase increases in density to be more similar to the density on the polymer side of the interface. Thus one can say the drop in surface tension with increasing pressure is due to a reduction of the density difference between two sides of the interface as the reduction in density difference between phases can be seen in Figure 7 .
Based on Figure 6 , because of the interaction term between pressure and temperature, the temperature dependency of interfacial tension is different at low and high pressures. It was observed that at low pressures, interfacial tension decreases when temperature increases, while at high pressures, the interfacial tension becomes less dependent on the temperature. This independence occurs because at high temperatures and high pressures two competing effects occur: on the one hand, surface tension is reduced because of an increase in temperature, and on the other hand, the solubility of CO 2 decreases at high temperatures, as can be seen in Figure 4 . The interaction between the two above-mentioned competing factors leads to a diminishing of the temperature effect on the interfacial tension at high pressures [4, 23] .
Density and Surface Tension Relationship
The trends for density of gas-PLA mixture, density difference between gas-PLA mixture and surrounding (supercritical CO 2 ), and density of CO 2 at 160 °C are shown in Figure 7 . From the graph it can be seen that the mixture density does not change significantly with increasing pressure since the increase in drop volume due to CO 2 dissolution is compensated by an increase in mass owing to CO 2 absorption. On the contrary, on the gas side (drop surrounding) the density of CO 2 increases with an increase in pressure, the fact which leads to a decrease in the density difference across the interface.
The generalized Macleod equation is used to find the relationship between the interfacial tension and density of polymer-supercritical CO 2 mixtures:
where γ is the interfacial tension between polymer and supercritical CO 2 , C is a constant, n is Macleod's exponent, and ρ p and ρ f are the density of the polymer and the supercritical fluid, respectively. The relationship between density and surface tension originate from the dependency of surface tension on the distance between the molecules. In other words, the attractive van der Waals forces lessen according to the 4 th power of the intramolecular distances: an increase in a fluid's temperature increases the distance between molecules, and consequently, density decreases [34] . Figure 8 shows the surface tension of polymer-supercritical CO 2 as a function of density in logarithmic scale for four temperatures. The results for all the temperatures follow the same trend, and the slope is in range of 1.84 to 1.94. This is higher than the surface tension at atmospheric pressure because of the reduction in conformational restriction at the polymer surface due to the presence of CO 2 molecules [23] . 
Conclusions
In this work, we have investigated the dependency of the interfacial tension 
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